Abstract
Introduction 9
Reducing the salt content of food has become a major concern for public health authorities 10 worldwide. There is strong scientific evidence that dietary salt consumption is responsible for 11 hypertension, which may result in cardiovascular disease, gastric cancer, osteoporosis, cataracts, 12 kidney stones and diabetes (Organisation, 2007) . The World Health Organisation therefore 13 recommends limiting daily sodium chloride intake to 5 g. Salt consumption may, however, be 14 two or three times higher than this recommended level in some developed countries.
15
Reducing the salt or fat content of food is a major challenge for food manufacturers, because 16 it often leads to a loss of organoleptic qualities. Food structure and texture affect aroma and taste 17 perception (Phan et al., 2008; Saint-Eve et al., 2009; Koliandris et al., 2010; Panouillé et al., 2010) , 18 models describing stimuli release during food consumption are of great interest, because they may 23 make it possible to identify the most important physicochemical and physiological parameters 24 responsible for this release (Harrison et al., 1998; Wright et al., 2003; Wright and Hills, 2003; 25 Tréléa et al., 2008) . Harrison et al. (1998) and Wright and Hills (2003) developed the first 26 models of flavour release (i.e. the release of aroma compounds) from the chewed bolus. They 27 demonstrated the importance of having detailed knowledge of the mastication process for the 28 prediction of particle size distribution and of the contact areas between the product and the 29 saliva and between the product and air. Food fragmentation can be modelled from empirical 30 laws fitted to experimental data obtained in spit-out experiments (Kobayashi et al., 2006 (Kobayashi et al., , 2010 or 31 by statistical models considering mastication as a selection and breakdown process (van der Bilt 32 et al., 1987; Baragar et al., 1996; Harrison et al., 1998; Wright et al., 2003) . From the distribution 33 of chewing and swallowing time intervals measured by electromyography, Wright et al. (2003) 34 simulated individual mastication patterns for use in flavour release calculations. However, to 35 our knowledge, no model has yet been developed that takes into account the properties of the 36 product for the prediction of particle size distribution and salt release in the mouth.
37
The objective of this study was so to quantify the breakdown of model dairy products in 38 terms of contact areas independently of the individual variability of consumers.
39
Four model dairy products of different composition were chosen for study because they had 40 already been extensively characterised, not only in terms of rheology and texture, but also in 41 term of bolus formation (Panouillé et al., 2010; Drago et al., 2010) . We first undertook a sensory 42 characterisation of these dairy products. We characterised the dynamics of saltiness and texture 43 perception, by generating temporal dominance of sensation (TDS) profiles for the four products.
44
We then used an experimental device similar to those used in previous studies by Koliandris et al.
45
(2008) and Mills et al. (2011) , to measure salt release from product to water after breakdown 46 in controlled conditions. A mechanistic model was developed for calculation of the contact area 47 between the water and the product generated by compression. Finally, the results were discussed 48 in terms of composition, structure and perception. We also discussed the use of this mechanistic 49 model and methodology to model salt release in conditions of food consumption. 
Samples preparation

52
Model cheeses were prepared as previously described by Saint-Eve et al. (2009): PL60 ul-53 trafiltered skim milk retentate powder (Triballat, Noyal-sur-Vilaine, France), anhydrous milk 54 fat (Corman, Goé, Belgium) and sodium chloride (Prolabo, France) were mixed. The pH was 55 adjusted to 6.2 by adding glucono-delta-lactone (Sigma -Aldrich, Steinheim, Germany), rennet 56 was added and the mixture was poured into containers and allowed to coagulate for 3 h at 30°C.
57
We used ultrafiltered skim milk retentate powder because the mineral composition of this prod-58 uct is similar to that of cow's milk, making it possible to avoid syneresis. Model cheeses were 59 stored at 4°C overnight and experiments were carried out on the day after their preparation.
60
We studied four model cheeses differing only in their fat content (0 or 40% w/w, dry basis) and 61 retentate powder concentration (150 or 250 g/kg). The other components remained constant: 62 salt content (1% w/w) and pH-value (6.2). Hereafter, we referred to the products as follows: PL 63 60 concentration (g/kg) (150 or 250) / fat content (% dry basis, 0 or 40). 
Sensory analysis
66
The temporal perception of the four model cheeses was studied using the temporal dominance 67 of sensation (TDS) method. Each panelist scored, over the course of time, the intensity of the 68 descriptor perceived as dominant. TDS has been processed by 16 trained panelists, volunteer and 69 motivated. For TDS measurement, seven attributes (moistness, softness, firmness, crumbliness, 70 stickiness, fattiness and saltiness) were chosen, following the profile performed on the same 71 products (Panouillé et al., 2010) . We used the same terms and definitions as in the previous 72 study. All the attributes were presented simultaneously on a screen with a button. The panellists 73 had to click on "start" when they placed a sample of the model cheese in the mouth and, during 74 the evaluation, they were asked to select the attribute they considered to be dominant. deionised water, and concentrations are given in g/L NaCl equivalent. out with no compression as controls, to assess the release of salt from intact product into water.
115
Three replicates were carried out per product. 
Mass transfer model
123
Compression instantaneously generated a population of n particles denoted i, where i = 1..n.
124
For each particle, we note V pi its volume (m 3 ) and A i its contact area (m 2 ) with the surrounding between the product and the water:
where t is the time (s) and K is the water / product partition coefficient given by the ratio 131 of the salt concentration at the equilibrium between the water C eq w and the product C eq p :
The salt release from each particle of product is given by:
This model is not tractable in practice. We therefore simplified these equations to generate 134 two usable models. each piece of product are similar and the population of pieces is equivalent to one product piece
A i and of salt concentration C p (Figure 2 ).
140
Equations 1 and 3 can be reduced to:
The initial conditions are given by the salt concentration in water at t 0 = 150 s and the initial 142 concentration in the product C 0 p : (Figure 2 ). The mass balances of salt in water involve two terms representing the flux of 158 salt from each piece of product. Thus, we have:
The mass balances in each volume are:
The total contact area A between the product and the water is given by:
Knowing the total volume of product V p , the relationship between V p1 and V p2 is given by:
The initial conditions are:
Fitting the model to the experimentally measured salt kinetics C w (t), we were able to de- influence of the compression parameters on the salt release kinetics for one product (250/40).
187
The parameters considered were probe velocity (1 mm/s or 10 mm/s), level of strain (50 or 80%)
188 and the number of compression cycles (1 or 5 cycles). Figure 4 shows the kinetics obtained.
189
Effect of probe velocity
190
The velocity of the probe had no great impact on the release kinetics: curves were shifted 
204
Effect of the number of compression cycles
205
The last parameter tested was the number of compression cycles (1 or 5 cycles). This pa-206 rameter had no effect on salt release kinetics (Figure 4) . Indeed, the product was fully broken 
Effect of the product contact area generation
219
Mass transfer coefficient
220
Model 1 was first fitted to the salt release kinetics in the absence of compression ("control 221 test"), making it possible to calculate the mass transfer coefficients k p . These coefficients ranged 222 between 2 and 3.10 −6 m/s. The product had no significant effect on the mass transfer coefficient 223 (p>0.05).
224
Effect of compression on contact area
225
By fitting model 1 (particles with uniform size) to the salt release kinetics after compression,
226
we were able to determine the contact area generated by the compression. 
Effect of product structure and composition on breakdown
247
The composition of the product affected the contact area generated by strong compression.
248
Fat content had a strong effect for high dry matter, with 250/40 having a contact area 3.5 times 249 that for 250/0.
250
In a previous study with a similar experimental device, Koliandris et al. (2008) 
256
The observations reported here can be accounted for by product microstructure. Panouillé contact area on compression, resulting in higher levels of salt release. We can assume that the 275 breakdown pattern in the mouth is similar to that observed in vitro and that salt is released 276 more rapidly from fat-containing samples than from fat-free samples.
277
The results obtained by TDS analysis support this hypothesis. For 250/40, crumbly was the 
Modeling breakdown and salt release during food consumption
284
In addition to an analysis of the effects of dairy product composition and structure on the 285 breakdown of these products, this study constitutes the first step towards the modeling of salt 286 release during food consumption.
287
During mastication, the product is fractured by action of the teeth and tongue actions, result- Finally, this study shows that tailoring the microstructure of the product to control product 318 breakdown in the mouth is one possible way in which the release and perception of stimuli could 319 be improved. Figure 9: Experimental data ( ) and release model simulations for 250/40: model 2 fitted on the experimental data to determine the contact area generated during the breakdown test (dotted line); model 1 simulated with the contact area determined thanks to the model 2 (solid line).
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